We recently reported that an amide bond is unexpectedly formed by an acyl-CoA synthetase (which catalyzes the formation of a carbon-sulfur bond) when a suitable acid and L-cysteine are used as substrates. DltA, which is homologous to the adenylation domain of nonribosomal peptide synthetase, belongs to the same superfamily of adenylate-forming enzymes, which includes many kinds of enzymes, including the acyl-CoA synthetases. Here, we demonstrate that DltA synthesizes not only N-(D-alanyl)-L-cysteine (a dipeptide) but also various oligopeptides. We propose that this enzyme catalyzes peptide synthesis by the following unprecedented mechanism: (i) the formation of S-acyl-L-cysteine as an intermediate via its "enzymatic activity" and (ii) subsequent "chemical" S 3 N acyl transfer in the intermediate, resulting in peptide formation.
We previously reported that an acyl-CoA synthetase, AcsA, plays an essential role in acid utilization in the nitrile-degradative pathway of Pseudomonas chlororaphis B23 (1) . The enzymes involved in the biological metabolism of nitriles have received much attention in both applied studies (2) and academic fields. Acyl-CoA synthetase, which is an acid-thiol ligase, catalyzes the ligation of an acid with CoA in the presence of ATP and Mg 2ϩ . The reaction mechanism and structure of acyl-CoA synthetase have been extensively investigated (3) (4) (5) (6) (7) (8) . During our studies of AcsA, we discovered a unique reaction. When L-cysteine was used as the substrate instead of CoA, N-isobutyryl-L-cysteine was surprisingly detected as the reaction product (9) . This finding demonstrated that the enzyme formed a carbon-nitrogen bond involving the carboxyl group of the acid and the amino group of L-cysteine. Furthermore, this unexpected enzyme activity was also observed for acetyl-CoA synthetase (4, 7) and firefly luciferase (10, 11) , both of which belong to the same superfamily of adenylate-forming enzymes. However, the mechanism underlying the carbon-nitrogen bond synthesis remains unknown.
The adenylation domain of nonribosomal peptide synthetase (NRPS) 4 is also a member of this superfamily of adenylateforming enzymes. This domain is responsible for the selective substrate recognition and formation of acyl-AMP as an intermediate during ATP consumption (12, 13) . NRPSs are modular enzymes frequently used to synthesize small peptides such as antibiotics and antiviral agents (14, 15) . These multienzyme complexes are organized into modules, each of which can be further subdivided into a series of domains that catalyze the individual steps of nonribosomal peptide synthesis. DltA, the D-alanine:D-alanyl carrier protein (DltC) ligase involved in the initial step of lipoteichoic acid D-alanylation in Gram-positive bacteria, is structurally homologous to the adenylation domain (16, 17) of NRPS. DltA not only activates D-alanine but also attaches the activated ester to the DltC-bound cofactor 4Ј-phosphopantetheine via a thioester bond (18, 19) . The DltA features of ATP-dependent activation of the amino acid substrate and utilization of the carrier protein are also features of the adenylation domain of NRPSs.
Like the adenylation domain of NRPSs, DltA belongs to the superfamily of adenylate-forming enzymes, their three-dimensional structures being analogous to one another (20) . Accordingly, we here examined the enzyme activity of DltA using L-cysteine instead of the physiological substrate DltC. We succeeded in using DltA to synthesize a dipeptide (N-(D-alanyl)-Lcysteine:D-Ala-L-Cys). Moreover, we revealed the mechanism underlying this previously unidentified peptide/amide bond formation reaction. In addition, we used DltA for this discovered reaction to obtain various oligopeptides.
Preparation of the Enzyme
The DNA fragment of the dltA gene was amplified by PCR using chromosomal DNA of Bacillus subtilis strain 168 as a template. The following two oligonucleotide primers were used: 5Ј-AGAATTCCATATGAAACTTTTACATGCTATT-CAAACAC-3Ј (NdeI recognition site is underlined) and 5Ј-TTCTCGAGTACAAGAACCTCTTCGCCAATG-3Ј (XhoI recognition site is underlined). The PCR products were subcloned into vector pUC18 and checked by DNA sequencing. To construct C-terminally His 6 -tagged DltA, the insert DNA (dltA gene) was digested with NdeI and XhoI and then inserted into the corresponding sites of pET-24a(ϩ) (Merck Millipore). The resultant plasmid was designated as pET-dltA.
Escherichia coli BL21-CodonPlus (DE3)-RIL (Agilent Technologies, Inc., Palo Alto, CA) was transformed with pET-dltA. The transformants were grown in 2ϫ YT medium containing kanamycin (50 g/ml) and chloramphenicol (34 g/ml) at 37°C. When the cultures had grown to an optical density at 600 nm of 0.6, the incubation temperature was reduced to 24°C, and protein expression was induced with 0.1 mM isopropyl ␤-D-thiogalactoside (IPTG). After 24 h of culture, the cells were harvested by centrifugation, washed twice, and then suspended in 20 mM sodium phosphate buffer (pH 7.4). The resuspended cells were sonicated, and the cell debris was removed by centrifugation (27, 000 ϫ g, 30 min). The resulting supernatant was applied to a nickel-chelating column of HisTrap TM HP (5 ml) (GE Healthcare, Ltd., UK), and washed with 20 mM sodium phosphate buffer (pH 7.4) containing 0.5 M NaCl and 0.01 M imidazole. DltA was eluted with a linear gradient (0.01-0.4 M) of imidazole. The fractions comprising the 57-kDa size peak were collected and dialyzed against 20 mM Tris-HCl buffer (pH 7.5). The homogeneity of the purified proteins was confirmed by SDS-PAGE. The N-terminal sequence of the purified DltA was analyzed with a model 490 Procise protein sequencer (Applied Biosystems Inc., Foster City, CA). The purified fraction was used in all experiments in this study.
Identification of the Reaction Products of DltA

N-D-Alanyl-L-cysteine (D-Ala-L-Cys)-
The reaction mixture, comprising 200 mM D-alanine, 200 mM L-cysteine, 5 mM ATP, 8 mM MgCl 2 , 100 mM (NH 4 ) 2 SO 4 , and purified DltA (0.2 mg/ml) in 100 mM Tris-HCl buffer (pH 7.5), was incubated at 50°C, and the reaction was stopped by adding an equal volume of a perchloric acid solution (pH 1.5). Then the mixture was analyzed by HPLC on a CROWNPAK CR(ϩ) column (4.0 ϫ 150 mm; Daicel Chemical Industries, Ltd., Osaka, Japan). The mobile phase was the perchloric acid solvent (pH 1.5), and chromatographic separation was performed at 25°C at a flow rate of 1.0 ml/min. A new product peak (retention time, 3.0 -3.7 min) distinct from that of AMP was detected on monitoring of the column effluent at 190 nm. The product peak was collected, concentrated, and then subjected to liquid chromatographytandem mass spectrometry (LC-MS/MS) analysis. Ion electrospray tandem mass spectrometric measurement of the product was carried out using a Shimadzu (Kyoto, Japan) LCMS-8030 triple quadrupole mass spectrometer equipped with a Shimadzu Nexera HPLC system and a TSK-gel ODS-100V column (4.6 ϫ 150 mm; Tosoh, Tokyo, Japan). The mobile phase solvent was 0.1% (v/v) formic acid. The MS/MS analysis data were acquired under the following conditions: curved desolvation and heat block temperatures of 300 and 200°C, respectively. Nitrogen was used as the nebulizer gas and drying gas at flow rates of 2 and 15 liters/min, respectively. The collision energy was varied from Ϫ35 to 35 V, and the ion source polarity was set in the positive or negative mode. 1 H nuclear magnetic resonance (NMR), 13 C NMR, and 1 H-13 C heteronuclear multiple-bond connectivity spectra of the product were measured with an Avance 600 spectrometer (Bruker, Ettlingen, Germany). Samples were prepared by dissolution in D 2 O, which was used as an internal standard.
Dipeptide (Xaa-L-Cys)-The composition of the reaction mixture, except for the omission of D-alanine, was the same as in the case of identification of D-Ala-L-Cys. ␤-Alanine, glycine, D-serine, L-alanine, or D-threonine was used instead of D-alanine. Each reaction mixture was analyzed by HPLC on a Develosil RPAQUEOUS column (4.6 ϫ 250 mm; Nomura Chemical Co., Ltd., Aichi, Japan). The mobile-phase solvent included 5% (v/v) acetonitrile containing 0.1% (v/v) trifluoroacetic acid (TFA) in water, and chromatographic separation was performed at 25°C at a flow rate of 1.0 ml/min. Each product peak differing from that of AMP was fractionated, concentrated, and then subjected to LC-MS/MS analysis. The mixture was analyzed with a Shimadzu LCMS-8030 equipped with a Shimadzu Nexera HPLC system and a Develosil RPAQUEOUS column (4.6 ϫ 250 mm). The mobile-phase solvent was 5% (v/v) acetonitrile containing 0.1% (v/v) formic acid in water, and chromatographic separation was performed at 25°C at a flow rate of 0.2 ml/min. The MS/MS analysis data were collected under the same conditions as for the D-Ala-L-Cys analysis except for the column and mobilephase solvent.
Tripeptides (Xaa-L-Cys-Gly)-The composition of the reaction mixture, except for the omission of L-cysteine, was the same as in the case of identification of dipeptides (Xaa-L-Cys). L-Cysteinyl-glycine (L-Cys-Gly) was used instead of L-cysteine. The mixture was analyzed with a Shimadzu LCMS-8030 equipped with a Shimadzu Nexera HPLC system and a SeQuant ZIC-HILIC column (2.1 ϫ 150 mm; Merck Millipore). The mobile phases for elution were as follows: mobile phase A, acetonitrile; and mobile phase B, 10 mM ammonium acetate. Samples were eluted at 0.2 ml/min using a linear gradient of 20 -40% of mobile phase B over the course of 20 min. The final composition of 40% mobile phase B was held for 20 min from 20 -40 min. Chromatographic separation was performed at 25°C. The MS/MS analysis data were collected under the same conditions as for the D-Ala-L-Cys analysis except for the column and mobile-phase solvent.
Oligopeptides-The composition of the reaction mixture, except for the omission of L-cysteine, was the same as in the case of identification of D-Ala-L-Cys. The pentapeptide or decapeptide was used instead of L-cysteine. The mixture, including the pentapeptide, was analyzed with a Shimadzu LCMS-8030 and a SeQuant ZIC-HILIC column. The HPLC program for hexapeptide elution was the same as that for the dipeptides. The mixture, including the decapeptide, was analyzed with a Shimadzu LCMS-8030 and a SeQuant ZIC-HILIC column with acetonitrile, 10 mM ammonium acetate (6:4, v/v) as the mobile phase, and chromatographic separation was performed at 25°C at a flow rate of 0.2 ml/min. The MS/MS analysis data were collected under the same conditions as for the D-Ala-L-Cys analysis except for the column and mobile-phase solvent.
S-(D-Alanyl)-3-mercaptopropionic Acid or S-(D-Alanyl)-thioglycolic acid-The reaction mixture, comprising 100 mM Tris-HCl buffer (pH 7.5), 200 mM D-alanine, 5 mM ATP, 8 mM MgCl 2 , 100 mM (NH 4 ) 2 SO 4 , and 150 mM 3-mercaptopropionic acid or thioglycolic acid, was incubated with the purified DltA (0.2 mg/ml) at 50°C, and the reaction was stopped by adding an equal volume of a perchloric acid solution (pH 1.5) to the reaction mixture. Then the mixture was analyzed by HPLC on a COSMOSIL HILIC column (4.6 ϫ 150 mm; Nakalai Tesque). The mobile phase solvent was 5 mM ammonium acetate in 50% acetonitrile, and chromatographic separation was performed at 25°C at a flow rate of 0.5 ml/min. The product peak was fractionated, concentrated, and then subjected to LC-MS/MS analysis. The analysis was carried out using a Shimadzu LCMS-8030 equipped with a Shimadzu Nexera HPLC system and a Develosil RPAQUEOUS column (2.0 ϫ 150 mm). The mobile phase solvent was 10 mM ammonium acetate, and chromatographic separation was performed at 25°C at a flow rate of 0.2 ml/min.
S-(D-Alanyl)-N-Boc-L-Cys and N-(D-alanyl)-N-Boc-L-Cys-
The reaction mixture, comprising 100 mM Tris-HCl buffer (pH 7.5), 50 mM D-alanine, 10 mM ATP, 8 mM MgCl 2 , 100 mM (NH 4 ) 2 SO 4 , and 50 mM N-Boc-L-Cys, was incubated with the purified DltA (1.0 mg/ml) at 50°C. At several time points, the reaction mixture was subjected to LC-MS and LC-MS/MS analyses. These analyses were carried out using a Shimadzu LCMS-8030 equipped with a Shimadzu Nexera UPLC system and a Kinetex 1.7u C18 100A column (2.1 ϫ 50 mm). The mobile phases for elution were as follows: mobile phase A, 0.1% formic acid; and mobile phase B, methanol. Samples were eluted at 0.4 ml/min using a linear gradient of 10 -50% of mobile phase B over the course of 6 min. The final composition of 50% mobile phase B was held for 1 min from 6 to 7 min. Chromatographic separation was performed at 30°C. The MS/MS analysis data were collected under the same conditions as for the D-Ala-L-Cys analysis except for the column and mobile-phase solvent.
Identification of the Reaction Products of Acetyl-CoA Synthetase or AcsA
S-Acetyl-3-mercaptopropionic Acid or S-Acetyl-thioglycolic Acid-The reaction mixture, comprising 200 mM Tris-HCl buffer (pH 7.5), 20 mM acetic acid, 5 mM ATP, 8 mM MgCl 2 , 100 mM (NH 4 ) 2 SO 4 , and 100 mM 3-mercaptopropionic acid, was incubated with S-acetyl-CoA synthetase from bakers' yeast (Sigma, 0.5 mg/ml) at 28°C. The mixture was analyzed with a Shimadzu LCMS-8030 and a Develosil RPAQUEOUS column (2.0 ϫ 150 mm) with 10 mM ammonium acetate as the mobile phase, and chromatographic separation was performed at 30°C at a flow rate of 0.2 ml/min. When 100 mM thioglycolic acid was added as a substrate instead of 3-mercaptopropionic acid, a COSMOSIL -nap column (4.6 ϫ 150 mm; Nakalai Tesque) was used with 0.05% (v/v) formic acid solvent as the mobile phase.
S-Isobutyryl-3-mercaptopropionic Acid or S-Isobutyrylthioglycolic Acid-The reaction mixture, comprising 200 mM Tris-HCl buffer (pH 7.5), 20 mM isobutyric acid, 5 mM ATP, 8 mM MgCl 2 , 100 mM (NH 4 ) 2 SO 4 , and 100 mM 3-mercaptopropionic acid or thioglycolic acid, was incubated with the purified AcsA (0.5 mg/ml) at 28°C. Then the mixture was subjected to LC-MS/MS analysis. The analysis was carried out using a Shimadzu LCMS-8030 equipped with a Shimadzu Nexera HPLC system and a Develosil RPAQUEOUS column (2.0 ϫ 150 mm). The mobile phases for elution were as follows: mobile phase A, 10 mM ammonium acetate; and mobile phase B, acetonitrile. Samples were eluted at 25°C at a flow rate of 0.2 ml/min using a linear gradient of 0 -20% of mobile phase B over the course of 15 min. The composition of 20% mobile phase B was held for 5 min from 15 to 20 min, and then the final composition of 0% mobile phase B was held for 5 min from 20 to 25 min. S-Acetyl-N-Boc-L-Cys and N-acetyl-N-Boc-L-Cys-The reaction mixture, comprising 200 mM Tris-HCl buffer (pH 7.5), 10 mM acetic acid, 5 mM ATP, 8 mM MgCl 2 , 100 mM (NH 4 ) 2 SO 4 , and 50 mM N-Boc-L-Cys, was incubated with S-acetyl-CoA synthetase (1.0 mg/ml) at 28°C. At two time points (10 and 60 min), the reaction mixture was subjected to LC-MS and LC-MS/MS analyses. These analyses were carried out using a Shimadzu LCMS-8030 equipped with a COSMOSIL -nap column. The mobile phases for elution were as follows: mobile phase A, 0.05% formic acid; and mobile phase B, acetonitrile. Samples were eluted at 1 ml/min using a linear gradient of 2-100% of mobile phase B over the course of 8 min after 1 min from the start. The final composition of 100% mobile phase B was held for 2 min from 9 to 11 min. Chromatographic separation was performed at 40°C.
Enzyme Assays of DltA
The standard assay A mixture (100 l) included 5-200 mM D-alanine, 5-500 mM L-cysteine, 0.5-20 mM ATP, 8 mM MgCl 2 , 100 mM (NH 4 ) 2 SO 4 , and purified DltA in 100 mM Tris-HCl (pH 7.5). The reaction was started by adding DltA (0.2 mg/ml), followed by incubation at 50°C for 5 min. The reaction was stopped by adding 100 l of a perchloric acid solution (pH 1.5). Then the mixture was analyzed by HPLC on a CROWNPAK CR(ϩ) column. The mobile phase was the perchloric acid solvent (pH 1.5), and chromatographic separation was performed at 25°C at a flow rate of 1.0 ml/min. The D-Ala-L-Cys product peak was quantitated by monitoring the column effluent at 210 nm with authentic D-Ala-L-Cys as the standard. One unit of D-Ala-L-Cys synthetic activity was defined as the amount of enzyme that catalyzed the formation of 1 mol of D-Ala-L-Cys/ min under the assay conditions used. Standard assay A was used to routinely measure D-Ala-L-Cys synthetic activity.
To determine the specificity of the enzyme for various amino acids, we assayed its activity using standard assay B, which measures acid-dependent AMP formation. Although the ATP-[ 32 P]PP i exchange assay (21) or the colorimetric assay (22) has been used for measuring the specific activity of adenylating enzymes (involved in the reaction ATP 3 AMP ϩ PP i ), these assays are based upon indirect quantification of acyl-AMP or PP i , respectively. Therefore, in our study the modified method to measure directly the amount of AMP by HPLC (23) was used, because the HPLC method allows easier and more accurate quantification than the methods reported previously. The composition of the standard assay B mixture, except for D-alanine, was the same as that for standard assay A. AMP and ATP in each of the reaction series were separated on a Titan sphere TiO HPLC column (4.6 ϫ 150 mm; GL Science Inc., Tokyo, Japan). The mobile phase was 50 mM potassium phosphate buffer (pH 7.0) containing 55% (v/v) acetonitrile, and chromatographic separation was performed at 50°C at a flow rate of 1 ml/min, with monitoring at 254 nm. One unit was defined as the amount of enzyme that catalyzed the formation of 1 mol of AMP/min under the assay conditions used. k cat values were calculated using a M r of 56,874 for DltA. In the pH profile experiments, a three-component buffer system that maintained the ionic strength at a set value throughout each range was used (24) .
Stoichiometry
To determine the stoichiometry, substrate consumption and product formation during the synthesis of N-D-alanyl-L-cysteine were examined in a reaction mixture comprising 5 mM ATP, 200 mM D-alanine, 200 mM L-cysteine, 8 mM MgCl 2 , 10 mM (NH 4 ) 2 SO 4 , 100 mM Tris-HCl buffer (pH 7.5), and 0.6 mg of DltA, in a final volume of 1000 l. The reaction was carried out at 50°C. At several time points, the molar amounts of the formed products (D-Ala-L-Cys and AMP) and accompanying decreases in the substrate (ATP) were measured by means of standard assays.
Analytical Methods
Protein concentrations were measured with a Nakalai Tesque protein assay kit with bovine serum albumin as the standard. SDS-PAGE was performed in a 12.5% polyacrylamide slab gel. The gel was stained with Coomassie Brilliant Blue R-250. The relative molecular mass of the enzyme was calculated from the mobilities of the marker proteins, phosphorylase b (97 kDa), bovine serum albumin (66 kDa), ovalbumin (45 kDa), carbonic anhydrase (30 kDa), soybean trypsin inhibitor (20.1 kDa), and ␣-lactalbumin (14.4 kDa).
Results
Expression and Purification of DltA-DltA was simply purified as described under "Experimental Procedures." The purity of the DltA was confirmed by migration of the protein as a single band corresponding to a molecular mass of 57 kDa on SDS-PAGE ( Fig. 1 ). The purified DltA had the N-terminal sequence of MKLLHAIQTH, which is the same as that deduced from the DNA sequence.
Identification of the Novel Product of the Reaction Containing DltA-DltA of B. subtilis uses D-alanine (H 3 C-CH(NH 2 )-COOH) and 4Ј-phosphopantetheine-bound DltC as substrates and forms a thioester bond involving the carboxyl group of D-alanine and the thiol group of 4Ј-phosphopantetheine. Therefore, we examined whether or not DltA could catalyze the N-acyl-L-cysteine synthetic reaction when L-cysteine (HS-CH 2 -CH(NH 2 )-COOH) was used instead of DltC. When the reaction mixture, including the purified DltA, ATP, D-alanine, and L-cysteine, was analyzed by HPLC on a Titan sphere TiO column, a marked increase in AMP was observed (see under "Stoichiometry"). This increase in AMP with consumption of ATP indicates that the reaction proceeded. In addition, when the same reaction mixture was analyzed on a CROWNPAK CR(ϩ) column, a new product peak (retention time, 3.0 min) distinct from that of AMP appeared. No other new peaks were detected. Without DltA, the peaks due to the new product and AMP were not detected. We therefore used LC-MS/MS and NMR to characterize the product. The molecular mass of the product, as determined by LC-ESI-MS, was 192 Da. Next, the structure of the product was determined by means of LC-MS/MS (Fig. 2) . A fragment ion at m/z 113 (negative ion mode) derived from the precursor ion at m/z 191 was observed, suggesting that the new product was not S-
This identification was supported by the NMR spectra of the following product: 1 . Additionally, some key heteronuclear multiple bond connectivity correlations were observed between H-2 and each of C-1, C-3, and C-5, indicating that the product had a peptide bond in its structure. These findings demonstrate that DltA produced a dipeptide from D-alanine and L-cysteine, even though it usually catalyzes thioester bond formation ( Fig. 3) .
Stoichiometry-The stoichiometry of substrate consumption (ATP) and product formation (D-Ala-L-Cys and AMP) during the synthesis of D-Ala-L-Cys was examined. The results indicated that D-Ala-L-Cys and AMP were formed with the consumption of ATP in a stoichiometry of 1:1:1 (Fig. 4 ). DltA thus catalyzed Reaction 1,
These findings also indicated that the amount of D-Ala-L-Cys produced is equivalent to that of AMP produced. In the following experiments, therefore, the amount of AMP produced was measured instead of the product, such as D-Ala-L-Cys, unless otherwise stated.
Characteristics of D-Ala-L-Cys Production by DltA-For D-Ala-L-Cys production by DltA, the K m and V max values for L-cysteine, D-alanine, and ATP were calculated from Michaelis-Menten kinetics. A V max value of 0.97 Ϯ 0.02 units/mg and K m values of 0.97 Ϯ 0.05 mM for ATP, 26 Ϯ 2.0 mM for D-alanine, and 8.7 Ϯ 0.8 mM for L-cysteine were obtained using D-Ala-L-Cys as the standard.
The effects of pH and temperature on D-Ala-L-Cys formation were examined. DltA exhibited maximum activity at pH 9.5, as shown in Fig. 5a . The optimal reaction temperature appeared to be 55°C when the reaction was carried out for 5 min (Fig. 5b) . Protein stability was investigated after incubation for 10 min at various temperatures. An aliquot of the enzyme solution was taken, and then the enzyme activity was assayed under the standard conditions. The enzyme exhibited the following activity: 0°C, 91%; 10°C, 90%; 20°C, 95%; 30°C, 100%; 40°C, 100%; and 50°C, 0%. Although the optimum temperature of DltA appeared to be 55°C, DltA was completely inactivated on heating at 50°C in the absence of a substrate. These results show that there may have been one or more compounds in the reaction mixture that increased the thermal stability of DltA. Thus, the stability of the enzyme was investigated in the presence of each of various compounds. Even after incubation for 10 min at 50°C, DltA in the presence of ATP, D-alanine, or (NH 4 ) 2 SO 4 exhibited 100% of its initial activity, suggesting that the substrate or salt contributes to the thermostability of DltA. L-Cys) or Tripeptides (DL-Xaa-L-Cys-Gly)-Instead of D-alanine, another amino acid was added to the reaction mixture containing L-cysteine, and the ability of DltA to produce a peptide was measured as the amount of AMP produced. Among the tested amino acids listed under "Materials," a significant increase in AMP was observed with glycine, D-serine, D-cysteine, D-threonine, or D-valine. These results suggest that the corresponding dipeptide would be produced. Also, when ␤-alanine or D-2aminobutyric acid was used, the production of the corresponding amide compound was suggested. The structures of the products were also determined by LC-MS/MS. Each fragmentation pattern showed that the product was N-DL-Xaa-L-Cys rather than S-DL-Xaa-L-Cys, demonstrating that Gly-L-Cys, D-Ser-L-Cys, D-Cys-L-Cys, D-Thr-L-Cys, or D-Val-L-Cys was formed as the reaction product, respectively (Fig. 6, a-e ). The K m and V max values for these substrates were determined ( Table 1 ). According to the catalytic efficiencies (k cat /K m ), the best substrate for DltA was D-alanine. When each of L-alanine, L-serine, and ␤-alanine was used, the corresponding products were identified as L-Ala-L-Cys, L-Ser-L-Cys, and ␤-Ala-L-Cys, respectively, after the long time reaction (5 h) ( Fig. 6, f-h) , although the K m and V max values could not be determined.
Substrate Specificity for the Synthesis of Dipeptides (DL-Xaa-
When the reaction mixture, comprising DltA, ATP, D-alanine, and L-cysteinyl-glycine (L-Cys-Gly), was analyzed, a considerable amount of AMP release was observed ( Table 1) . A reaction product other than AMP was detected on HPLC analysis and assessed by use of LC-MS/MS. The fragmentation detected on LC-MS/MS analysis indicated that D-Ala-L-Cys-Gly (tripeptide) was produced ( Fig. 7a ). Among the tested amino acids listed under "Materials," we confirmed AMP release when glycine, D-serine, D-cysteine, or ␤-alanine was added to the reaction mixture containing L-Cys-Gly (Table 1 ), suggesting that the corresponding tripeptide was produced enzymatically. As the reaction product, each tripeptide, namely, Gly-L-Cys-Gly, D-Ser-L-Cys-Gly, D-Cys-L-Cys-Gly, or ␤-Ala-L-Cys-Gly, was identified on LC-MS/MS analysis (Fig. 7,  b-d and i) . For D-threonine, D-valine, L-alanine, and L-serine as the substrate, the corresponding products were identified as D-Thr-L-Cys-Gly, D-Val-L-Cys-Gly, L-Ala-L-Cys-Gly, and L-Ser-L-Cys-Gly, respectively, after the long time reaction (5 h) ( Fig. 7 , e-h).
Substrate Specificity for the Synthesis of Oligopeptides, D-Ala-DL-Cys-(DL-Xaa) n -DltA synthesized not only D-Ala-D-Cys (dipeptide) from D-alanine and D-cysteine but also D-Ala-D-Cys-D-Cys (tripeptide) from D-alanine and D-Cys-D-Cys (Table 2 ). We also observed the formation of these products in the reaction mixture containing DltA, ATP, D-alanine, and L-Cys-Gly-Gly-L-Arg-L-Glu or L-Cys-Gly-Gly-L-Arg-L-Glu-L-Ser-Gly-L-Ser-Gly-L-Ser. LC-MS/MS analysis showed that the products were N-D-Ala-L-Cys-(Xaa) n but S-D-Ala-L-Cys-(Xaa) n . Namely, a hexapeptide (D-Ala-L-Cys-Gly-Gly-L-Arg-L-Glu) or an undecapeptide (D-Ala-L-Cys-Gly-Gly-L-Arg-L-Glu-L-Ser-Gly-L-Ser-Gly-L-Ser), respectively, was identified as the corresponding reaction product (Fig. 8) . When the concentration of each of the substrates was 25 mM, the hexapeptide synthetic activity of 0.36 units/mg and the undecapeptide synthetic activity of 0.45 units/mg were also similar to the D-Ala-L-Cys synthetic activity of 0.50 units/mg.
Substrate Specificity for Cysteine Derivatives-The cysteine derivatives used in the above experiments have both an amino group and a thiol group. We next measured the enzyme activity in reaction mixtures that contained various cysteine derivatives as substrates, focusing on these functional groups of cysteine.
(i) We used two cysteine derivatives lacking an amino group (3-mercaptopropionic acid (HS-CH 2 -CH 2 -COOH) and thioglycolic acid (HS-CH 2 -COOH)). When 3-mercaptopropionic acid was used as the substrate, the obtained V max value of 0.63 units/mg was close to that (0.90 units/mg) of L-cysteine (Table  3 ). On HPLC analysis of this reaction mixture on a Develosil TM RPAQUEOUS column, a new product peak (retention time, 9.5 min), distinct from that of AMP, appeared. We determined the structure of the reaction product by LC-MS/MS and found its molecular mass to be 177 Da. Moreover, the fragment ion at m/z 88 or 104 (Fig. 9a ) demonstrated that the corresponding product was S-(D-alanyl)-3-mercaptopropionic acid (H 3 C-CH(NH 2 )-CO-S-CH 2 -CH 2 -COOH), derived through ligation of 3-mercaptopropionic acid and D-alanine. When another cysteine derivative lacking an amino group, thioglycolic acid, was used as the substrate, an increase in AMP was also detected, indicating that the reaction proceeded. The fragment ion at m/z 88 ( Fig. 9b ) observed on LC-MS/MS analysis demonstrated that the thioester compound S-(D-alanyl)-thioglycolic acid (H 3 C-CH(NH 2 )-CO-S-CH 2 -COOH) was synthesized as a product.
(ii) When cysteine derivatives lacking a thiol group (L-2-aminobutyric acid (H 3 C-CH 2 -CH(NH 2 )-COOH) or L-alanine (H 3 C-CH(NH 2 )-COOH)) or had a protected thiol group (S-methyl-L-cysteine (H 3 C-S-CH 2 -CH(NH 2 )-COOH), S-aminoethyl-L-cysteine (H 2 N-CH 2 -CH 2 -S-CH 2 -CH(NH 2 )-COOH) or S-acetamidomethyl-L-cysteine (H 3 C-CO-NH-CH 2 -S-CH 2 -CH(NH 2 )-COOH)) was used as substrates, the reaction did not proceed. In addition, when L-serine (HO-CH 2 -CH(NH 2 )-COOH) was used as the substrate instead of L-cysteine, an increase in AMP was not detected. 
Substrate specificity (DL-Xaa-L-Cys and DL-Xaa-L-Cys-Gly)
The reactions were carried out in triplicate with measurement of amino acid-dependent AMP formation as described under "Experimental Procedures." ND means not determined. 
Boc-L-Cys with a decrease in that of S-(D-alanyl)-N-Boc-L-Cys
as the reaction progressed (Fig. 10c) .
Generality of the Novel Catalytic Mechanism-We investigated the generality of the novel catalytic mechanism for other enzymes. Previously, we reported that AcsA and Saccharomyces cerevisiae acetyl-CoA synthetase produce N-acyl-L-cysteine in a reaction mixture containing a suitable acid and L-cysteine as the substrates (9) . Like DltA, both enzymes were confirmed here to form an S-acyl product as the reaction product, respectively, when a cysteine derivative lacking an amino group, 3-mercaptopropionic acid or thioglycolic acid was used as the substrate (Fig. 11) . The fragment ion at m/z 75 (Fig. 11a) or m/z 103 (Fig. 11b) (Fig. 12 ). In the case of AcsA, the predicted product (S-isobutyryl-N-Boc-L-Cys or N-isobutyryl-N-Boc-L-Cys) was not separated on LC-MS/MS. When N-Boc-L-Ala was used as the substrate for acetyl-CoA synthetase or AcsA, an increase in AMP was not detected, respectively. These findings were the same as those obtained for DltA, indicating that AcsA and acetyl-CoA synthetase synthesize N-acyl products by the same mechanism as that used by DltA.
Discussion
We previously reported that acyl-and acetyl-CoA synthetases produce N-acyl-L-cysteine when L-cysteine is used as the substrate instead of CoA (9) . In general, acyl-CoA synthetases catalyze the ligation of an acid with CoA through a two-step reaction (7) . The initial reaction involves the formation of an acyl-AMP intermediate with the release of inorganic pyrophosphate (step 1, acid ϩ ATP 3 acyl-AMP ϩ PP i ). Next, the AMP of the acyl-AMP intermediate is displaced rapidly by CoA to yield acyl-CoA with a thioester bond (step 2, acyl-AMP ϩ CoA 3 acyl-CoA ϩ AMP). The discovery of the N-acyl-L-cysteine synthetic activity of acyl-CoA synthetases, which belong to the superfamily of adeny- 
TABLE 2 Substrate specificity (D-Ala-oligopeptide synthesis)
The reactions were carried out in triplicate with measurement of acid-dependent AMP formation as described under "Experimental Procedures." The reactions were carried out as described except that various amino acids were used as substrates in place of L-cysteine. NT, not tested, because of the insolubility and expensiveness of the substrates. JANUARY 22, 2016 • VOLUME 291 • NUMBER 4
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late-forming enzymes, demonstrates that these enzymes can produce products with an amide bond.
Here, we found that in addition to DltC (which is a D-alanyl carrier protein), L-cysteine can also serve as a substrate for DltA. Thus, both an amino acid (L-cysteine) and a protein containing 4Ј-phosphopantetheine can be a substrate for DltA. In addition, the product of the novel reaction was a dipeptide (D-Ala-L-Cys), demonstrating for the first time that a member of the superfamily of adenylate-forming enzymes, DltA, cata-lyzes peptide bond formation (Fig. 3) , although we previously reported amide bond formation by acyl-CoA synthetases and luciferase. For D-Ala-L-Cys synthesis by DltA, we obtained a V max value of 0.97 units/mg and a K m value of 8.7 mM for L-cysteine, whereas for N-isobutyryl-L-cysteine synthesis by AcsA, a 
TABLE 3 Substrate specificity (D-Ala-cysteine derivative synthesis)
The reactions were carried out in triplicate with measurement of acid-dependent AMP formation as described under "Experimental Procedures." The reactions were carried out as described except that various amino acids were used as substrates in place of L-cysteine. S-(D-alanyl)-N-Boc-L-Cys  (a), or the final product, N-(D-alanyl) V max value of 0.20 units/mg and a K m value of 71 mM for L-cysteine were previously reported (9) . The K m value (8.7 mM) of DltA for L-cysteine was about one-eighth that of AcsA (71 mM). This finding suggests that DltA binds with higher affinity to L-cysteine than AcsA does, although L-cysteine is not a physiological substrate for DltA in vivo. The V max value of DltA for D-Ala-L-Cys synthetic activity (0.97 units/mg) is 5-fold greater than that of AcsA for N-isobutyryl-L-cysteine synthetic activity (0.20 units/mg). These characteristics of a higher V max value and a lower K m value of DltA compared with those of AcsA are favorable for the enzymatic synthesis of peptides containing L-cysteine.
Cysteine side derivatives
We further discovered that some amino acids, namely glycine, D-serine, D-cysteine, D-threonine, D-valine, L-alanine, L-serine, or ␤-alanine (as well as D-alanine), and L-cysteine, or the dipeptide L-Cys-Gly were also active as substrates for DltA, various peptides being produced ( Figs. 6 and 7) . The results of our analysis of the substrate specificity of DltA for different amino acids (Table 1) suggest that DltA would likely activate not only D-alanine, its natural substrate, but also some of its analogs.
Instead of DltC, L-cysteine was found to be an active substrate for DltA to yield various peptides. In contrast, amines that lack a thiol group (L-2-aminobutyric acid, L-alanine, or L-serine) or have a protected cysteine thiol group (S-methyl-Lcysteine, S-aminoethyl-L-cysteine, or S-acetamidomethyl-Lcysteine) were inert as substrates (Fig. 13a) . The finding that a peptide bond was not formed between the amino group of these amines and the carboxyl group of D-alanine in the above reactions suggests that these two groups are not directly linked by DltA. When 3-mercaptopropionic acid or thioglycolic acid (both lacking an amino group) was used as the substrate instead of L-cysteine, a thioester compound (S-(D-alanyl)-3-mercaptopropionic acid or S-(D-alanyl)-thioglycolic acid) was synthesized as the reaction product ( Fig. 13a and Table 3 ). In these cases, the thiol group of 3-mercaptopropionic acid or thioglycolic acid was ligated with the carboxyl group of D-alanine by DltA to form a thioester bond. Given that DltA is an acid-thiol ligase (EC 6.2.1), we speculated that the thioester compound (S-D-alanyl-L-cysteine) was first synthesized as a reaction intermediate when L-cysteine and D-alanine were used as the substrates. Subsequently, the resulting thioester intermediate would rapidly undergo spontaneous and irreversible S-to N-acyl transfer to yield a peptide bond (Fig. 14a ). To confirm our hypothesis regarding this potential reaction mechanism, we attempted to detect the thioester intermediate during the peptide/amide bond synthetic reaction. When N-Boc-L-Cys was used instead of L-cysteine, we detected AMP release. Through LC-MS/MS, we identified the two detected compounds as S-(D-alanyl)-N-Boc-L-Cys (with a thioester bond) and N-(D-alanyl)-N-Boc-L-Cys (with an amide bond). However, when N-Boc-L-Ala, which lacks the thiol group of N-Boc-L-Cys, was used instead of N-Boc-L-Cys, N-(D-alanyl)-N-Boc-L-Ala (with an amide bond) was not produced (Fig. 13b ). This finding indicates that direct D-alanylation of the Boc-protected amino group of N-Boc-L-Cys does not occur in the enzyme reaction catalyzed by DltA and that the thiol group of the substrate is essential for the formation of the N-(D-alanyl)-N-Boc compound. Considering these findings together with the fact that DltA produces a compound with a thioester bond as a product (i.e. DltA acts as an acid-thiol ligase), it is reasonable to presume that S-(D-alanyl)-N-Boc-L-Cys is a reaction intermediate synthesized by DltA and that N-(D-alanyl)-N-Boc-L-Cys is the final reaction product produced through spontaneous and irreversible S-to N-(D-alanyl) transfer. We monitored the amount of each of the two compounds in the reaction mixture containing N-Boc-L-Cys at several time points. Two minutes after the ini- tiation of the reaction, the S-(D-alanyl)-N-Boc-L-Cys peak was detected in the LC-MS chromatogram of m/z 293 (positive ion mode), yet the N-(D-alanyl)-N-Boc-L-Cys peak was hardly detectable. As the reaction progressed, an increase in the amount of N-(D-alanyl)-N-Boc-L-Cys was observed with a concomitant decrease in that of S-(D-alanyl)-N-Boc-L-Cys (Fig.  10c) . These findings strongly suggest that S-(D-alanyl)-N-Boc-L-Cys was converted to N-(D-alanyl)-N-Boc-L-Cys. We therefore propose that the mechanism for the peptide/amide bond synthetic reaction by DltA consists of the formation of the S-(Dalanyl)-intermediate by an enzymatic reaction and the subsequent synthesis of the N-(D-alanyl)-final product via spontaneous chemical intramolecular S-to N-acyl transfer. To our knowledge, there have been no previous reports of a peptide synthesis mechanism involving an enzymatic reaction and a subsequent chemical reaction. Both acetyl-CoA synthetase and AcsA, which belong to the superfamily of adenylate-forming enzymes, synthesized thioester compounds (S-acyl-3-mercaptopropionic acid and S-acyl-thioglycolic acid) when 3-mercaptopropionic acid or thioglycolic acid was used as the substrate instead of L-cysteine. In contrast, both enzymes could not synthesize amide compounds when a cysteine derivative lacking a thiol group (L-2-aminobutyric acid) or having a protected thiol group (S-acetamidomethyl-L-cysteine) was used as the substrate instead of L-cysteine. Furthermore, S-acetyl-N-Boc-L-Cys intermediates and N-acetyl-N-Boc-L-Cys final products were detected when acyl-CoA synthetase was used instead of DltA in the reaction mixtures containing a suitable acid and N-Boc-L-Cys as the substrates. These findings demonstrate that both enzymes form N-acyl-compounds via spontaneous chemical intramolecular S-to N-acyl transfer. Our findings demonstrate that all enzymes belonging to the superfamily of adenylate-forming enzymes would synthesize amides through this mechanism.
Because of the potential usefulness of oligopeptides, many kinds of procedures have been developed for their production by means of enzymatic and chemical methods. To date, various peptidases (25, 26) , an Empedobacter peptide-forming enzyme utilizing an amino acid methyl ester as a substrate (27) and Bacillus L-amino acid ␣-ligase ( Fig. 15, d-f) (28, 29) have been utilized for peptide synthesis. NRPSs are also involved in peptide synthesis. In the general NRPS system of bacteria, peptides are produced by multienzyme complexes organized into modules, each of which can be further subdivided into a series of domains (14, 15, 30) . Naturally produced peptide-based iron chelators such as bacillibactin (31) and erythrochelin (32) are synthesized by such multienzyme complexes. In these NRPS systems, a module consisting of at least three domains (an adenylation domain (Fig. 15b1) , a thiolation domain, and a condensation domain (Fig. 15b2) is needed to form a peptide bond. Furthermore, very recently, Hamano and co-workers (33) reported amide bond formation by ORF19 of Streptomyces rochei NBRC12908, i.e. the stand-alone adenylation domain involved in streptothricin biosynthesis. Hamano and co-workers (33) showed that ORF19 catalyzes amide bond formation only between L-␤-lysine and an L-␤-lysine oligopeptide (Fig. 15c) ; it does not utilize cysteine as a substrate, namely intramolecular S-to N-acyl transfer does not occur in the enzyme reaction of ORF19. Therefore, the mechanism of peptide bond formation by DltA (Fig. 15a ) that we discovered and present here is distinctly different from those of the above-mentioned enzymes.
In addition to enzymatic methods, chemical methods have also been developed for the production of oligopeptides. Native chemical ligation (NCL) (34 -37) is a very well known technique used for the chemical synthesis of peptides and proteins. NCL involves the chemoselective coupling of two peptides, one containing a C-terminal thioester (-CO-S-R) and the other containing an N-terminal cysteine residue. The reaction, which gives rise to a peptide bond at the point of ligation, includes the following two chemical steps: (i) intermediate synthesis through trans-thioesterification (i.e. thiolthioester exchange) between the C-terminal thioester in one peptide and the N-terminal cysteine residue in the other peptide, and (ii) rapid intramolecular S-to N-acyl transfer in the resulting intermediate (Fig. 14b ). To the best of our knowledge, no such enzyme that catalyzes the NCL reaction has yet been found. The intramolecular S-to N-acyl transfer step in the reaction mechanism for the synthesis of a peptide/amide bond by DltA is identical to the corresponding step of NCL. A reaction mechanism involving an enzymatic reaction yielding a thioester intermediate and the subsequent chemical reaction yielding the final product with a peptide/amide bond has not been reported previously.
For NCL, thioesterification of the C-terminal residue of the substrate is required, and therefore, a large number of studies have examined the synthesis of thioesterified peptides (38 -40) . In our new reaction involving DltA, however, thioesterified peptides are not needed as substrates; peptides that have a free C terminus can be used.
In recent years, there has been an explosion of interest in protein-assembly technologies (41) (42) (43) . In particular, NCL is currently the most powerful ligation method for chemically synthesizing moderately sized proteins (including modified proteins). The strength of NCL is that it allows two peptides to be coupled together. Although in our previous study we used amino acid analogs (namely D-cysteine, DL-homocysteine, and L-cysteine methyl ester) instead of L-cysteine, we here used peptides containing an N-terminal cysteine residue. Our substrate specificity studies showed that DltA can also synthesize tripeptides from D-alanine and L-Cys-Gly or D-Cys-D-Cys (Table 3) . These tripeptide synthetic activities were almost the same as that for D-Ala-L-Cys. Thus, DltA can use any peptide with an N-terminal cysteine residue. Indeed, DltA also synthesized oligopeptides from D-alanine and L-Cys-Gly-Gly-L-Arg-L-Glu or L-Cys-Gly-Gly-L-Arg-L-Glu-L-Ser-Gly-L-Ser-Gly-L-Ser. Its hexapeptide and undecapeptide synthetic activities (0.36 and 0.45 units/mg) were also similar to that for D-Ala-L-Cys (0.50 units/mg), suggesting that synthesis of oligopeptides by DltA is independent of the length of the peptide containing the N-terminal cysteine residue, with almost the same yield as that for dipeptide (D-Ala-L-Cys) synthesis. In other words, DltA can synthesize oligopeptides longer than an undecapeptide. Glycine, D-serine, D-cysteine, D-threonine, D-valine, L-alanine, L-serine, ␤-alanine, and D-2-aminobutyric acid could all be used instead of D-alanine by DltA, but dipeptides such as D-Ala-D-Ala could not, indicating that DltA activates amino acids (to yield aminoacyl-AMP) but not peptides. Therefore, the N-terminal portion of the final product is limited to a single amino acid, whereas even a relatively long peptide can be used as the C-terminal portion. The unique reaction mechanism we have uncovered suggests that all enzymes belonging to the super-family of adenylate-forming enzymes should be capable of synthesizing amides as well as peptides. Any enzyme in this superfamily that can utilize the respective peptide instead of a single amino acid as a substrate can be used to synthesize peptides or proteins in future studies. Moreover, we could produce various kinds of amides, through the enzymatic coupling of acids (including luciferin) to various thiols with an amino group such as cysteine, its derivatives, and peptides with an N-terminal cysteine, by using acyl-CoA synthetase, acetyl-CoA synthetase, or firefly luciferase (9) . Given the vast array of enzymes that belong to this superfamily and could activate the respective substrates (44) , these enzymes would form not only peptides but also new types of amide compounds, such as N-acyl-peptides and N-luciferyl-L-cysteine. 
